Summary Nicotinamide (NA) and metoclopramide (MCA) have been shown to be sensitisers of the effects of radiation and drugs in experimental rodent tumours growing in skin and muscle. We have used 86Rb uptake to investigate the effects of these two drugs on the distribution of blood to a mouse carcinoma (NT) growing in skin, muscle or the gut wall, as well as to the host normal tissue. NA caused an increase in cardiac output distribution (COD) of between 17 and 92% to tumours in the three sites. When this increase is related to the changes in COD to the host normal tissues, however, COD to tumours in skin and muscle was increased by a factor of 1.8 and to tumours in the gut wall by a factor of 1.7. MCA caused a consistent increase in COD to tumours growing in muscle, but the effects in tumours in skin and gut were variable with time. Again when related to the change in COD to host normal tissues, a factor of 2.1 was seen for COD to tumours growing in muscle and gut. Both NA and MCA alter COD to tumours in some sites relative to host tissues in a way that could enhance anti-cancer drug delivery to tumours, though the effects of NA are more reliable in our systems.
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The structurally similar compounds nicotinamide (NA) and metoclopramide (MCA) have been investigated as adjuncts to experimental radio and chemotherapy (Jonsson et al., 1985; Horsman et al., 1986; . Both NA, the amide derivative of vitamin B3, and MCA, a commonly used anti-emetic drug (Gralla et al., 1981) have been shown to sensitise rodent tumours to radiation (Jonsson et al., 1985; Horsman et al., 1986; Lybak et al., 1990) . It has been suggested, based largely on studies with cells in culture that each of these compounds can inhibit the effective repair of DNA damage in irradiated mammalian cells (Ben Hur, 1983; Pero et al., 1989) . There is also ample evidence to show that NA at high doses significantly increases blood flow to intradermal mouse tumours (Horsman et al., 1988; Horsman et al., 1989a) . MCA has been shown to potentiate the cell killing effects of radiation and cisplatin in a subcutaneous human carcinoma xenograft in the mouse Lybak et al., 1990; 
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The 86Rb uptake method (Sapirstein, 1958) 37-300 MBq mg-') was obtained from Amersham International plc, Aylesbury, UK. It was injected i.v. in 0.1 ml of saline into the mouse tails that had been prewarmed in water to facilitate injection. The mice were killed 1 min later by neck fracture and the relevant tissues excised. The weight of all tissues was recorded and they were then placed in double thickness tubes (glass and polystyrene) and counted in a gamma counter (LKB Wallac 1282 Compugamma, Pharmacia LKB Biotechnology, Milton Keynes). A standard of 0.1 ml of the injected solution was also counted in each experiment. Results were expressed as the % of the injected activity per gram of tissue. Animals were excluded from the analysis if more than 10% of the injected activity remained at the site of injection.
Administration of drugs NA and MCA (both from Sigma Chemical Company Ltd, Poole, Dorset) are highly water soluble and were administered i.p. in saline at doses of 1000 and 2 mg kg-' respectively in a volume of 0.01 ml g-' body weight.
Results
Figure la-c shows the sequence of tumour growth in the gut wall after implant by the 'patch' technique. For the first 3 days tumour cells remain adherent to the millipore filter and spread out laterally, by 6 days tumours have become attached to the gut wall, induced a vascular supply and exhibited regions of viable tumour tissue and of necrosis; thus we can deduce that invasion of the gut wall began between day 3 and day 6 after implant. By 17 days the tumour has grown to about 0.8 cm in diameter and is morphologically similar to NT tumour implanted in the skin. Even at the largest sizes we have allowed in our experiments (-1.2 g) the mucosal layer remained a barrier to tumour invasion, although the muscle layers were quickly breached. Figure 2 shows NT tumour weight as a function of time after implant into the gut wall. Growth was exponential over the period from 10-20 days, but then there was no further increase in weight from 20 to 25 days. These last 5 days corresponded with the appearance of metastases and a loss of body weight so tumours were always used in the experiments during the exponential phase of growth. Metoclopramide produced changes in COD to two of the three tumour sites (Figure 4) . It was significantly elevated at 6 h after MCA in the gut tumours, at 0.5, 1.5, 3 and 6 h in the muscle tumours where a 130% increase was observed, but at no time in the skin tumours was the increase significant. The three host normal tissues, skin, muscle and gut, did not respond consistently to MCA (Figure 4) . The only significant effects were a decrease in COD to muscle 5 min and 6 h after adminsitration.
30
Days after implant Figure 2 Growth curves for the NT tumour growing in the gut wall. Exponential growth is followed by an abrupt cessation of tumour enlargement at about 1-1.2 g in weight. The volume doubling time during exponential growth was 3.4 days. A minimum of six tumours contributed to each data point. Error bars are ± 1 s.e.
Changes in COD to several normal tissues and tumours in different sites after i.p. administration of NA (1000 mg kg-') and MCA (2 mg kg-') were studied. A minimum of 6 and maximum of 15 separate determinations from two or three separate experiments were combined for each time point. Figure 3 compares the effect of NA in NT carcinomas growing in three different sites, intradermally on the back intramuscularly in the leg and in the gut wall. Uptake in the three host normal tissues is also shown. COD to intradermal tumours was increased by 30-43% over the period 0.5-1.5 h after NA though only at 0.5 h was the effect statistically significant (P<0.05). In gut wall tumours, however, there was a highly significant (P<0.01) increase in COD by 90%; no significant change in COD occurred in the intra-muscular tumours. In the normal tissues, skin showed a reduced COD by about 20% over the period 0.5-1.5 h and muscle showed much more prolonged and highly significant (Figure 2 ) reveals mean volume doubling times over the macroscopic size range of 4.3 and 3.4 days respectively, a sufficient difference to account for the time to reach experimental size. Thus, it is the growth rate during the period when the tumour is dependent on a blood supply that is important, suggesting a better blood supply to gut than skin. While this is consistent with the COD data ( Figures 3 and 4) , the normal gut receiving -9 x as much of the cardiac output per gram as the skin, host organ blood flow cannot be the only factor as muscle tumours grew fastest of all yet muscle recieves only a third as much of the cardiac output as gut.
The use of vasoactive drugs to modify the distribution of blood flow between tumours and normal tissues has been described in numerous publications (Chaplin et al., 1991; Hirst, 1989; Jirtle, 1988) . A wide variety of methods have been used to determine perfusion and they give information about changes in either absolute blood flow (ml/min/l00 g) or cardiac output distribution (COD). The latter will be more important when considering the exposure of tissues to anticancer agents in the circulating blood. The Rb extraction method gives this information; it also gives a volume (Jonsson et al., 1985; Horsman et al., 1986) and there is considerable evidence that regional blood flow modification is responsible for at least part of this effect through oxygenation of radioresistant hypoxic cells (Chaplin et al., 1990; Horsman et al., 1988; Horsman et al., 1989a) . Rb extraction was one end point used in one of these studies (Horsman et al., 1988 ) using the RIF-1 tumour growing in the skin. The results obtained in the present study for the NT carcinoma are summarised in Table I . There are several ways that these data could be analysed, but we have chosen to take the maximum increase in tumour COD for each drug and site and relate that to the change in COD to the host normal tissue at that time. In the skin tumours, there was a transient increase in (COD) persisting for about 1.5 h, and reaching a maximum of 140% of control at 0.5 h after NA.
The response in gut tumours was both larger (190% of control at 2 h) and more prolonged (> 4 h). The host normal tissues were at least as responsive as the tumours in the same site, though the effect was not in any way predictable. For example COD was reduced in skin and muscle, but there was a trend towards an increase in gut. This suggests that the increase or decrease in COD to tumours is unlikely to be simply the result of diversion of blood to or from the local normal tissues.
More quantitatively what do these effects mean for tumour therapy? In the case of skin, COD was reduced to about 80% of control so that for this tumour/host tissue pair, tumour exposure to blood borne agents would be increased by a factor of 1.75 compared with the host tissue (see Table I ). This argument is made on the assumption that the agent has a short plasma half life and its supply by the blood is the limiting factor in delivery to tissues. The extent to which this is not the case for a particular agent will reduce the redistribution effect. It is of interest to note that in the situation where the agent is largely retained at the first pass through the tissue, such as occurs with microspheres alone or in combination with chemotherapy drugs, the full 1.75 factor should apply. Tumours growing in the gut wall showed a maximum increase in COD to 192% of control at 2 h whereas the host gut tissues showed an increase to only 112% at that time. It should be noted, however, that the absolute COD to the gut remained many times higher than that seen in the gut tumour. Thus, after NA, the increase in COD favoured the tumour by a factor of 1.71 (Table I) . While there was no significant effect in muscle tumours, the large reduction in normal muscle (to 65% of control) meant that COD again favoured the tumour by a factor of 1.80. Thus, the tumour to host normal tissue ratio of COD did not differ greatly (1.7-1.8) between implantation sites. Metoclopramide has been shown to be a sensitiser of tumours to drugs and radiation (Lybak et al., 1990; and a mechanism of DNA repair inhibition has been proposed, based on in vitro studies with human mononuclear leucocytes (Lybak et al., 1990; .
Our data for intradermal tumours (Figure 4) showed no significant increase in COD at any one time, though there was a trend towards an early decrease and later increase in COD. Radiosensitisation has been reported (Lybak et al., 1990 ) when MCA at the same dose as used in the present experiments was given 15 min before irradiation, so unless the MCA caused a large increase in cardiac output or a reduction in intermittent blood flow (Chaplin et al., 1990) to tumour micro-regions without any overall change in perfusion, it seems unlikely that the radiosensitisation achieved in that study could have resulted from increased blood flow and oxygenation. Apart from improved oxygenation could there be a role for MCA to increase blood flow distribution to tumours relative to host normal tissues? In skin tumours there was no significant improvement suggesting that chemosensitising effects of MCA probably do not result from increased blood flow distribution. A large differential was, however, seen in tumours growing in muscle where COD was significantly (P<0.05) elevated to about 230% of control from 0.5-6 h after MCA whereas COD was not significantly increased in normal muscle at any time and showed a large decrease at 6 h. A statistically significant (P<0.05) increase in COD to 159% of control to tumours growing in the gut wall was seen only at 6 h after MCA, at a time when perfusion of the normal gut was reduced, though not significantly leading to a large shift in favour of tumour perfusion by a factor of 2.12 (Table I) . Thus, MCA shifted the distribution of the cardiac output substantially in favour of NT carcinomas over the host normal tissues in two of three sites, an effect which could be exploited therapeutically.
NA and MCA were both capable of shifting COD in favour of tumours, but while this was seen in all sites with NA, it was only really convincing in muscle tumours with MCA though the increase there was quite dramatic. Thus, while the best approach to distributing more blood to tumours than to normal tissues might lie in selecting a specific agent for a particular growth site (e.g. MCA for tumours in muscle), the safest approach at present must be the use of NA as there is no evidence from our studies or any others of the opposite effect being seen in any site. 
